35 36 Plants are often considered as suboptimal food for phytophagous insects, requiring 37 them to employ various adaptive mechanisms to overcome food nutritional imbalances. This 38 could include host-plant manipulation and/or symbiotic associations. The extensive 39 reconfiguration of plant primary metabolism upon herbivory, as well as its impact on 40 herbivores, have been largely overlooked, while studies investigating secondary metabolites is 41 extensive. Here, we document how the apple leaf-mining caterpillar Phyllonorycter 42 blancardella, a highly-specialized insect which completes development within a restricted 43 area of a single Malus domestica leaf over successive different larval feeding modes, 44 maintains nutrient-rich green tissues in its feeding area on green and senescent leaves. For this 45 purpose, we quantified a large number of compounds involved in plant primary metabolism: 46 starch, total soluble sugars, five individual sugars, twenty protein-bound amino acids and 47 twenty free amino acids. Plant alteration can be observed not only on senescing 48 (photosynthetically inactive) but also normal (photosynthetically active) leaf tissues of its 49 host-plant to compensate for detrimental environmental variations. Our results show a 50 differential control of the primary metabolism depending on the larva developmental stage, 51 itself correlated to the fluid-feeding and tissue-feeding modes. Our results also suggest that 52 leaf amino acid alterations favor a faster insect development. Finally, chemical scores indicate 53 that the most growth-limiting essential amino acids are also common to other phytophagous 54 insects and large herbivores, suggesting that these limitations are a general consequence of 55 using plants as food source. We discuss the possible mechanisms responsible for these 56 different manipulative capacities, as well as their ecological implications. 57 58 Key words 59 60 plant-insect interaction; nutrition; nutritional homeostasis; plant primary metabolism; sugars; 61 essential amino acids; herbivorous insect; leaf-miner; feeding strategies; leaf senescence; 62 plant manipulation. 63 64 65 66
Introduction
Whitham, 1991). For example, some gall-inducing insects enhance their nutritional 115 environment by increasing the abundance of plant free amino acids and/or sugars through 116 alteration of their synthesis and/or transport (Larson and Whitham, 1991; Eleftherianos et al., 117 2006; Saltzmann et al., 2008; Dardeau et al., 2015) . Interestingly, improved nutrition does not 118 necessarily imply increased nutrient concentrations, but an adequate composition and/or 119 quantity, leading to a finely tuned regulation of nutrient contents in some biological systems, 120 such as for gall-inducing insects Neuroterus quercus-baccarum and Andricus lignicola 121 (Hartley and Lawton, 1992; Diamond et al., 2008) . 122 123
Although qualitative and quantitative variation in primary plant compounds, as 124 opposed to the well know secondary compounds, can have profound effects on phytophagous 125 insect preferences and performances, little is known about plant primary metabolism 126 reconfiguration after herbivore attack (Machado et al., 2013 (Machado et al., , 2015 and data concerning 127 specific feeding-guild with high nutritional constraints are scarce (Schoonhoven et al., 2005) . 128 Plant nutrient availability is particularly crucial for endophagous insects such as stem-borers, 129
gall-inducers, and leaf-miners. Their entire life-cycle is indeed usually restricted to the same 130 plant organ without diet switching capacities as observed for free-living external-feeding 131 insects (Hering, 1951; Stone and Schönrogge, 2003; Body et al., 2015) . As such, they are the 132 most appropriate feeding-guild in which to examine nutritional constraints imposed by the 133 plant and adaptive strategies adopted by the insect to overcome these constraints. 134 Additionally, changes in the ability and/or need to manipulate the host-plant physiology is 135 expected to vary across insect feeding-mode and developmental stages (Schoonhoven et al., 136 2005), as herbivorous insects possess a diverse range of feeding habits which differ in the 137 nutritive source they have access to and as nutritional requirements change during the insect 138 development. This prompted us to carry out a detailed biochemical investigation of plant 139 carbohydrate and amino acid profiles in the host-plant Malus domestica following attack by 140 the leaf-mining caterpillar Phyllonorycter blancardella according to the strongly differing 141 larval feeding-modes. 142 143 P. blancardella leaf-mining moth presents an important degree of specialization for its 144
host-plant and a complete development within a restricted area of a single leaf (Hering, 1951; 145 Pottinger and LeRoux, 1971; Connor and Taverner, 1997; Body et al., 2015) . In this species, 146
first instars are 'fluid-feeders' while the two last instars are 'tissue-feeders' due to a 147 hypermetamorphosis of their mouthparts (characteristic changes in morphology and habit 148 between two successive instars) (Body et al., 2015) . Previous studies on this biological system 149 focused on later tissue-feeding instars only Kaiser et al., 2010; Body et al., 150 2013; Zhang et al., 2016 Zhang et al., , 2017 . This leaf-miner is able to induce an accumulation of 151 cytokinins in mined tissues which is responsible for the preservation of photosynthetically 152 active green tissues ('green-island' phenotype) at a time when leaves are otherwise turning 153 yellow (i.e. senescent leaves) ( To gain insight into the extend of nutrient regulation and subsequent consequences for 165 P. blancardella leaf-miners developing under harsh environmental conditions, we first 166 characterized how larvae with different feeding-modes (fluid-vs. tissue-feeding instars) 167 impact starch, soluble sugar, and protein-bound and free amino acid profiles at their feeding 168 site both on green and on yellow senescing leaves. Senescence is a particularly decisive 169 moment for these insects due to the profound alteration of the plant physiology including the 170 nutrient (sugars and degraded proteins) remobilization to roots. In the Fall, when nutrients 171 become too low, the insect growth usually stops (Edwards and Wratten, 1980 ). If P. 172
blancardella fluid-feeding larvae fail to reach the tissue-feeding stage before low Fall 173
temperatures, caterpillars will not be able to complete their development and to pupate which 174 lead to an increased mortality rate (Pottinger and LeRoux, 1971 ). 175
Sugars and amino acids play a crucial role in life maintenance as a large source of 176 energy for insects, as a structural component of cuticular chitin, and as feeding and 177
oviposition stimulants (Dadd, 1985; Nation, 2002 Both green and yellow mined leaves (only one mine per leaf), and unmined green and 201 yellow leaves (an adjacent neighboring leaf), were simultaneously collected in the field 202 between 08:00 a.m. and 10:00 a.m. in early Falls 2009-2011 on 16-18-year-old apple-trees 203 ("Elstar" varieties), in a biologically managed orchard in Thilouze, France (47° 14' 35" North, 204 0° 34' 43" East). Collected leaves and associated larvae were immediately kept and dissected 205 on ice, and stored at -80 °C until analysis. The synchronization of sampling is crucial as levels 206 of sugars, for example, greatly vary during the day and among trees. This requires collecting 207 green and yellow leaves (mined leaves and their unmined control leaves) simultaneously and 208 on the same tree to make sure that physiological differences observed are due to the impact of 209 the leaf-miner on plant tissues and not to phenological changes in the tree. 210
In order to study spatial (mined vs. unmined areas) and temporal (senescence) 211 variations of starch, total and individual sugar, and protein-bound and free amino acid 212 concentrations, mined tissues (zone M; leaf-mining insects and faeces were removed from the 213 mine), ipsilateral tissues (zone UM 1 ; leaf tissues on the same side of the main vein as the 214 mine), and contralateral tissues (zone UM 2 ; leaf tissues on the opposite side of the main vein 215 as the mine) were dissected both on green and on yellow leaves (Figure 1.1 Leaf samples used for this experiment were as follow: green leaves: N = 15 for fluid-230 feeding instars, N = 25 for tissue-feeding instars, N = 120 for unmined green control; yellow 231 leaves: N = 15 for fluid-feeding instars, N = 25 for tissue-feeding instars, N = 120 for 232 unmined yellow control. The min]. However, as trehalose had a low concentration, was partially co-elued with another 290 sugar (sorbitol), and highly variable, data were not included in the present study in order to 291 avoid large estimation errors for this sugar. Unlike trehalose, sorbitol was highly concentrated 292 in apple-tree leaves leading to an accurate/reliable quantification with a negligible estimation 293 error due to this partial peak co-elution. 294
In order to compare the biochemical composition of mined and unmined tissues, we 295 had to take into account the withdrawal of sugar-rich mesophyll tissues by leaf-mining insects 296 and the over-representation of sugar-free epidermis in the mined tissue samples. For this 297 purpose, gravimetry was used to estimate the amount of mesophyll eaten by the larva and to 298 correct biochemical data of leaf tissues accordingly (see Supplement 1 for details). All data 299
presented are thus corrected for the amount of tissues eaten by larvae as this parameter was 300 highly significant for all sugars (Student's paired t-test: P < 0.001 for total sugars, sucrose, 301 glucose and fructose; Wilcoxon paired test: P < 0.01 for sorbitol). 302 303
Amino acids quantification 304
Two sets of leaf samples were used for this experiment (one for protein-bound amino 305 acid and one for free amino acid) and were as follow for each set: green leaves: N = 15 for 306 fluid-feeding instars, N = 30 for tissue-feeding instars, N = 135 for unmined green control; 307 yellow leaves: N = 15 for fluid-feeding instars, N = 30 for tissue-feeding instars, N = 135 for 308 unmined yellow control. amino acid (Figure 4 ). Contrary to protein-bound amino acids, free amino acid content is 441 closely associated to larvae developmental stages ( Figures 3C and 3D ; Supplement 4A, 442 middle and right columns; Supplements 4B, 4C and 4D) with pattern observed in leaf tissues 443 mined by tissue-feeding larvae being different from fluid-feeders. Indeed, leaf tissues mined 444 by fluid-feeding larvae show a strong increase of free amino acids on yellow leaves whereas 445 the level remains low on green leaves ( Figure 3C ; Supplement 4A, middle column; 446 Supplement 4B). However, tissue-feeders induce a strong increase of free amino acid content 447 in mined tissues both on green and on yellow leaves ( Figure 3D ; Supplement 4C). As a 448 consequence, amino acid content of mined tissues differs between green and yellow leaves for 449 fluid-feeding larvae ( Figure 3C ; Supplement 4A, middle column), but is similar on green and 450 on yellow leaves for tissue-feeding larvae ( Figure 3D ; Supplement 4A, right columns).
451
Changes observed in free amino acid content in mined tissues are mostly due to alteration of 452 non-essential amino acid concentrations ( Figure 3C ). In tissues mined by fluid-feeders, the 453 strong increase of the most abundant non-essential free amino acid, glutamine (50 %) (and 454 asparagine (10 %) to a lesser extent) is responsible for these changes ( Figure 5 ). Moreover, 455
apple-tree leaves appear to provide very low amounts of methionine (~0.5 % of total amino 456 acids), histidine (~1 %), and tryptophan (~1 %). 457 458
Essential amino acid composition of the leaf-mining larva and limiting amino acids 459
The whole-body amino acid composition (Table 1) of P. blancardella larvae was used 460
to estimate their essential amino acid requirements. It appears that larvae have a strong 461 demand in histidine (EAA; ~50 % of their amino acid pool; Table 1A ) for both larval feeding 462 modes, in cysteine for fluid-feeders (NEAA; ~20 %; Table 1B) , and in lysine for tissue-463 feeders (EAA; ~12 %; Table 1A ). 464
The relative limitation of EAAs was quantified with chemical scores, with the lowest 465 scores indicating that His was the first most limiting EAA for both fluid-and tissue feeding 466 instars and both on green and on yellow leaves (chemical scores between 0.01 and 0.05) 467 (Table 2) . Therefore, His would be the first EAA to be depleted during protein synthesis in P. 468 blancardella. 469
Moreover, senescence induces changes in amino acid limitation. Indeed, arginine (+ 470 aspartate) and tryptophan appear to be limiting only for larvae developing on green leaves, 471 primarily due to their higher availability on yellow leaves ( Figures 5.8 and 5.14; Table 2 ). It is 472 also important to note changes in amino acid requirements according to the development stage 473 of larvae. Tissue-feeding larvae are indeed limited by lysine whereas fluid-feeders are not 474
( Table 2 ). This limitation is mostly due to an increased demand for this amino acid in later 475
stages (Table 1A) . Moreover, methionine seems to be limiting only for fluid-feeders 476 developing on yellow leaves (Table 2) . Finally, on yellow leaves, the second most limiting 477
EAA is less limiting for fluid-feeders (0.86 for methionine) than for tissue-feeders (0.19 for 478 lysine) ( Table 2 ). More generally, P. blancardella larvae living on yellow leaves appear to be 479 less limited (2 limiting EAAs) than larvae on green leaves (3-4 limiting EAAs) ( Table 2) . 480 481
Discussion 482 483
Strong alteration of plant primary metabolism in mined tissues -Are they becoming 484 functionally independent areas? 485
According to our predictions, primary metabolism was altered in the tissue mined by 486 the feeding activity of the insect, with a modification of the total amount of sugars, the 487 specific sugar composition and the protein-bound and free amino acid contents. We 488
hypothesized that mines would act as active nutrient sinks and preferentially accumulate 489 nutrients (Schwachtje and Baldwin, 2008; Bolton, 2009; Kerchev et al., 2012) . However, the 490 nutritional content of mined tissues was indeed modified, but in the opposite direction. Sugars 491 and protein-bound amino acids are less (fluid-feeders, for sugars only) or equally (tissue-492 feeders) concentrated in mined tissues both on green and on yellow leaves than in unmined 493 green controls (Figures 1, 3, 4 and 5). Free amino acids, by contrast, accumulate into mined 494 tissues as predicted. 495
Our results show that protein composition in mined tissues does not seem to be altered 496 neither as part of the senescing process, as a plant defensive mechanism, nor as a leaf 497 manipulation by the insect for its own benefit. Indeed, the protein-bound amino acid 498 composition experienced by caterpillars feeding on senescing leaves (i.e. mined tissues 499 displaying a green-island) is close to the composition of mined tissues on green leaves, and 500 mined tissues both on green and on yellow leaves have a similar composition to unmined 501 green control tissues (Figures 3 and 4) . Free amino acid levels, by contrast, are altered in 502 mined tissues with a pattern closely associated with larval development stages. Free amino 503 acid content is higher in tissues mined by tissue-feeding instars both on green and on yellow 504 leaves, whereas this increase is greater and only visible on yellow leaves for fluid-feeding 505
instars. This change of free amino acid content observed for younger larvae on senescing 506 leaves is essentially due to a strong increase of glutamine. For later instars, it is mainly due to 507 an increase of glycine, arginine + aspartate, asparagine and glutamine (Figures 3 and 5 ). 508
Our results thus strengthen the hypothesis that mines are functionally independent 509 areas, operating a metabolic machinery of their own and providing a "dietary buffer" to the 510 insect, especially in an otherwise senescent autumnal environment (Engelbrecht et al., 1969 ; 511 Giron et al., 2007 . The higher amounts of sugar in mines inhabited by 512 tissue-feeding larvae on yellow leaves (compared to unmined yellow controls; Supplement 513 2C, right column) are not the outcome of an accumulation process, but of a localized 514 continuous renewal. The absence of remobilization of sugars and amino acids by the plant 515 from the insect's feeding area in the Fall (similar nutrient content in unmined zones UM 1 , 516 UM 2 and UM 3 ) and the similar composition of mined tissues both on green and on yellow 517 leaves strongly reinforce the concept of nutritional homeostasis within mined tissues. Similar 518 results have been found in the gall-inducing insects Neuroterus quercus-baccarum and 519
Andricus lignicola for which induced gall tissues contain less nutrient than surrounding 520 tissues (Hartley and Lawton, 1992; Diamond et al., 2008) . 521 522
Insect manipulation rather than plant defense 523
Nutritional requirements of any leaf-mining insect were completely unknown before 524 this study, and the lack of artificial diets, preventing manipulative experiments, is a real 525 bottleneck. Changes in plant primary metabolism after biotic infestations have often been 526
interpreted as a necessary requirement to satisfy the increased demand for energy and carbon 527 skeletons to sustain the direct defense machinery and corresponding physiological adaptations 528 (Kerchev et al., 2012) . It is also suggested that primary metabolites could function as 529 signaling molecules in plant defense pathways or could act as direct plant defensive 530 compounds (Augner, 1995; Berenbaum, 1995; Schwachtje and Baldwin, 2008) . Primary 531 metabolism reconfiguration could also potentially allow the plant to tolerate herbivory while 532 minimizing impacts on fitness traits by supporting necessary physiological adjustments plants 533 must make (Fornoni, 2011) . Changes observed in amino acid abundance may not directly 534
impact larval nutrition, but may also be associated with the changing physiological process in 535 the host-plant as it senesces and/or adapts to the leaf-mining larvae (plant tolerance or 536 defense). Indeed, asparagine and glutamine, major components of the free amino acid pool 537 ( Figure 5 growth may also strongly depend on the effects of secondary plant substances and/or 545 carbon:nitrogen ratios in the diet (Berenbaum, 1995; Schoonhoven et al., 2005) . Thus, even 546 though the physiological function of altered amino acids in mined tissues remains unclear, our 547 results suggest that such alterations of leaf amino acid profiles contribute to enhance the 548 nutritional quality of plant tissues ingested by larvae and may specifically contribute to 549 increase larval fitness under senescing conditions ( Mechanisms of plant manipulation 557
The morphological impact of larvae on leaf tissues could be, at least partially, 558 responsible for the differential modulation of the leaf physiological response according the 559 larval feeding-mode. Such differential control of plant sugars (Figure 2 leaf tissues for the two distinct larval stages, we show that the nutritional landscape 582 experienced by fluid-feeding caterpillars feeding on senescing leaves is not dissimilar to 583 unmined yellow leaves, indicative of a lack of control by the fluid-feeding larvae. By contrast, 584
tissue-feeding larvae have acquired extended capacities to regulate the sugar content (for both 585 sugar quantities and composition) in order to 'delay' the leaf senescing process (Figure 2,  586 scenarii B and D; Supplement 2C) and eventually sometimes 'reversing' the senescing 587 process already engaged (Figure 2 , scenarii C and E; Supplements 2B vs. 2C, right columns, 588
sugar composition). This allows insects to generate a nutritional environment similar to green 589 leaves for sugars (except for fluid-feeders on yellow leaves; Figure 2 , pie chart #4). Analyzing 590 specific sugars, one notes that sorbitol represents a qualitatively and quantitatively important 591 part of the sugar content in mined tissues (Figures 1 and 2 composition of unmined (1 and 6) and mined tissues for fluid-feeding (2 and 4) and tissue-920 feeding (3 and 5) larvae both on green (1 to 3) and on yellow (4 to 6) leaves. Size of pies 921
represents the total amount of sugars. The green background symbolizes similarities of sugar 922 quantities and compositions with an unmined green leaf. The yellow background symbolizes 923 similarities of sugar quantities and compositions with an unmined yellow leaf. The dynamic 924 of the leaf-mining process is presented through five possible scenarii, eggs being always laid 925 on green leaves and yellowing of leaves occurring at different possible larval development 926
stages. Status 1: Unmined green leaf. Status 2: Fluid-feeding larva on green leaf. Status 3: 927
Tissue-feeding larva on a green leaf. Status 4: Fluid-feeding larva on a yellow leaf. Status 5: 928
Tissue-feeding larva on a yellow leaf. green and on yellow leaves infected by the leaf-mining insect Phyllonorycter blancardella 959 (fluid-feeding (triangles) vs. tissue-feeding (circles) instars). Panels 1-6 are NEAA, panels 7-9 960 are co-eluted NEAA and EAA, panels 10-14 are EAA. Data are presented as average ± 961
S.E.M. and expressed in µg per mg of leaf dry weight. Statistical differences between 962 averages are shown by different letters (a, b, c, d, e, f) (see Supplement 4 for statistical  963 analysis). 964 965 966 967 Table 2 . Chemical scores of essential amino acids (EAAs) in mined tissues both on green and 980 on yellow leaves based on the EAA compositions of the whole body of Phyllonorycter 981 blancardella leaf-miner. When EAAs were co-eluted with NEAAs, the name of the NEAA is 982 in brackets. Chemical scores were calculated as (µg of EAA in mined leaf tissues / µg of total 983 AA in mined leaf tissues) / (µg of EAA in insect/µg of total AA in insect). Limiting essential 984 amino acids are in bold for both fluid-and tissue-feeding instars. A value lower than 1 985
indicates an excess of EAA available in the foliar amino acid pool. 
